Integration of high-resolution nuclear magnetic resonance (NMR) spectroscopy with microfluidic lab-on-a-chip devices is challenging due to limited sensitivity and line broadening caused by magnetic susceptibility inhomogeneities. We present a novel double-stripline NMR probe head that accommodates planar microfluidic devices, and obtains the NMR spectrum from a rectangular sample chamber on the chip with a volume of 2 l. Finite element analysis is used to jointly optimise the detector and sample volume geometry for sensitivity and RF homogeneity. A prototype of the optimised design has been built, and its properties have been characterised experimentally. The performance in terms of sensitivity and RF homogeneity closely agrees with the numerical predictions. The system reaches a mass limit of detection of 1.57 nMol p s, comparing very favourably with other micro-NMR systems. The spectral resolution of this chipGprobe system is better than 1.75 Hz at a magnetic field of 7 T, with excellent line shape.
Introduction
Microfluidic devices are widely applied in the life sciences, oering a convenient platform for integrating complex biochemical functionality in a compact and expendable package. In particular, they provide very tightly controlled and tailored environments for the culture of cells [1, 2] , tissues [3] , and small organisms [4] . In principle, NMR spectroscopy would complement such systems very well, enabling non-destructive and non-invasive observation of metabolic processes over a period of time. However, integration of microfluidic systems with NMR spectroscopy presents a number of technical challenges. Conventional liquid-state NMR spectroscopy is mostly done in 5 mm sample tubes, on probe volumes between 200 and 800 l.
Commonly, Alderman-Grant resonators or saddle coils with diameters ranging from 4 to 12 mm and lengths of 8 to 15 mm are used in commercial liquid state NMR probes for excitation and detection. By contrast, microfluidic lab-on-a-chip (LoC) devices are extended planar networks of channels and chambers; two simple examples are shown in Fig. 1A and B. While the overall size of such LoC devices is similar (several cm) to that of conventional NMR detection coils, the volumes contained in their channels are two orders of magnitude smaller. Simply inserting an LoC device into a standard probe (assuming it can be made small enough to physically fit) therefore leads to very low filling factors, and correspondingly poor sensitivity.
A variety of planar micro-NMR detector geometries that are compatible with microfluidic devices have been proposed [5, 6] , including planar spiral coils [7, 8] , micro-slots [9] , Helmholtz pairs [10] , and phased array detectors [11, 12] .
As is well known, miniaturised NMR detectors benefit from a favorable scaling of mass sensitivity (the absolute number of spins required for a detectable signal) with probe volume [13] . This had led to flow probes with very high sensitivity based on micro-solenoid coils wound around glass capillaries. More recently, capillary detectors have been combined with microfluidic devices to form remote-detection systems, in which a large coil is used for spin excitation and encoding, and signals are detected downstream from liquid flowing out of the chip into a capillary NMR detector [14] . While this is an elegant approach, it requires a fluidic connection between the LoC and the NMR system, and is therefore not an in-situ technique.
Van Bentum et al. [15, 16] have demonstrated the excellent sensitivity and both high B 0 and B 1 homogeneity oered by planar transmission line resonators. These designs are characterised by a planar conductor which is aligned with the static magnetic field symmetrically in between two ground planes. They accommodate a standing electromagnetic wave with a magnetic field anti-node at the centre and nodes at the ends. A constriction at the location of the magnetic field anti-node leads to a concentration of the radio-frequency magnetic field at the location of the sample. While several applications of this type of resonators as flow probes have been described, it has not, to our knowledge, been adapted to accommodate exchangeable microfluidic devices.
In the present contribution, we describe an NMR probe assembly based on a variant of the planar transmission line resonator that accommodates a generic microfluidic chip of dimensions 100 ¢ 25 ¢ 0.8 mm (l ¢ w ¢ h). The probe (cf. Fig. 2) is designed such that the radio frequency magnetic field is concentrated on a rectangular sample chamber of approximately 1 mm width and 5 mm length in the centre of the chip. With a chamber thickness of 400 m, this corresponds to a sample volume of 2 l. The combined design of the probe and the chip has been optimised for sensitivity and for homogeneity of the RF magnetic field by finite element analysis (FEA) of the first resonant electromagnetic eigenmode. A prototype of the probe was built, and its performance characterised by NMR. As will be discussed in detail below, the resulting sensitivity is sucient to quantify sub-millimolar species within a few tens of minutes of measurement time at a static magnetic field strength of 7 T.
Theory and Simulation
As has been shown by Hoult and Richards [17] , the sensitivity of NMR detectors (i.e., number of spins precessing within a unit bandwidth for a given signal to noise ratio) is related to their eciency (i.e., amplitude of the resonant B 1 field per square root of the radiofrequency power delivered to them). Optimisation of one quantity therefore automatically also optimises the other.
In the present work, we have used a finite element analysis approach in order to compute the radiofrequency magnetic and electrical fields in the planar transmission line resonator. This model is based on the Helmholtz equation for the electric field E:
where , , and represent the local magnetic permeability, electrical permittivity, and electrical conductivity, respectively. Since we are only interested in stationary (standing wave) solutions, the time-and spatial dependence of the electric field can be separated as
with the eigenvalue a i!, and the Helmholtz equation where E(r) is the complex (magnitude and phase) amplitude of the electric field. FEA modelling of a resonator consists in solving the above non-linear eigenvalue problem given a spatial distribution of the electric conductivity, magnetic permeability, and electric permittivity. Assuming such a solution is found, the complex eigenvalue k a k i! k then characterises the resonant frequency ! k as well as the damping coecient k of the k-th resonant mode (typically, only the fundamental mode is of interest in NMR detectors.) The magnetic field is separated in the same way as the electric field:
Faraday's law can then be used to calculate the corresponding magnetic field distribution:
This definition ensures that the magnetic and electric field distributions E k and B k can both be chosen to be real in the limit of a loss-free system, while the true time-dependent electric and magnetic fields E(r, t) and B(r, t) are out of phase by =2.
The quality factor
represents the ratio of the stored to the disspated energy per oscillation cycle. Therefore, the time-averaged loss power P L can be computed from the maximum stored magnetic or electric energy and Q k asP
By the correspondence principle, the sensitivity of a resonator tuned to the Larmor frequency is related to the normalised magnetic fieldB
Transmission line resonators were simulated by finding numerical simulations to the eigenvalue equation (3) . The geometry of the model is shown in Fig. 3 . The conductor plates forming the resonator are represented by an impedance boundary condition, with the electric and magnetic fields excluded from the interior of the conductors [18, p 33] , [19, 20] . This type of boundary condition constrains mutually perpendicular components of the magnetic and electric fields in the boundary to be proportional, with the ratio given by the surface impedance
where denotes the bulk conductivity. This eliminates the need to explicitly account for the exponential drop of the electric field within the skin depth, and greatly reduces the number of spatial elements needed for converged results. Due to the symmetry of the system, it is sucient to explicitly represent only the quadrant x ! 0, y ! 0, corresponding to one lateral half of one conductor. The central plane (yz) between the conductor plates can be represented by a perfect electric conductor (PEC) boundary condition, since the electric and magnetic fields are perpendicular and parallel to it by symmetry, respectively. For the middle plane through the conductors (xz), the inverse is true: the magnetic field is perpendicular to it, while the electric field is parallel. This type of boundary condition is commonly referred to as a perfect magnetic conductor (PMC). In practice, the resonator geometry is chosen to ensure an eigenfrequency close to, but somewhat above, the Larmor frequency. Fine-tuning is then achieved by adding small capacitances in parallel to the transmission line at the top and bottom plates (Fig. 2 ). In the finite element simulations, these tuning capacitances were not explicitly modelled, but represented by lumped element boundary conditions at the end planes of the transmission line.
While a perfectly conservative resonator would be characterised by an imaginary eigenvalue k and an infinite Q-factor, several sources of electromagnetic losses limit the attainable values of Q in practice. In the present model, we have taken into account the finite conductivity of the copper plates, the complex electric permittivity of the dielectric between the conductors, and the dissipation factor of the tuning capacitances. Table 1 lists the parameters that were used in the calculations.
Experimental
Microfluidic chips were manufactured by cutting preconfectioned PMMA sheets (Nitto Jushi Kogyo Co. Ltd., Figure 3: The model used to simulate the chosen geometry. One quarter of the model was defined explicitly and the remainder generated by symmetry using appropriate boundary conditions.
Tokyo, Japan) with a CO 2 laser cutting system (Epilog, Golden, Colorado USA). The fluidic layer was cut from 0.2 mm PMMA, and was sandwiched between two 0.2 mm PMMA panels using adhesive tape (Thorlabs, Newton, New Jersey, USA) to bond the layers. Optimised planar transmission line design was fabricated from single-sided copper-laminated Teflon with a copper thickness of 18 m (Shenzhen Meidear Co. Ltd., Shenzhen, China).
A channel in the copper layer was milled using a micro miller with CNC control (Proxxon, Föhren, Germany) to create the constricted section. The pieces were then cut out from the sheet material using the same milling tool and fixed using cyanoacylate glue (Henkel, UK). The detector was tuned using fixed ceramic capacitors (Johanson, Camarillo, California, USA) and attached to an existing probe base (Bruker, Billerica, Massachusetts, USA).
Finite element simulations were carried out using COMSOL Multiphysics (COMSOL Inc, Cambridge, UK) using the radio frequency (RF) package. The geometry was represented using an unstructured tetrahedral mesh, with the distance between mesh vertices no more than a quarter of the width of the constricted section in the vicinity of the sample area. Selfresonance frequencies and quality factors were calculated using an iterative eigenfrequency solver.
In order to measure their unloaded resonance characteristics, resonator prototypes were weekly coupled between the ports of a vector network analyser (Agilent, Santa Clara, USA). Eigenfrequency and Q factors were measured from the position and 3 dB points of the peak observed in the S 12 scattering parameter. The Q values were corrected for finite coupling [18, pp 305f] .
NMR spectra were acquired on a Bruker AVANCE III spectrometer equipped with a 7 T Oxford Instruments Magnet. Spectra were obtained with a simple 90 pulse-observe sequence, or in some cases with solvent presaturation and a 128 ms T 2 filter consisting of a spin echo train with suppressed J evolution [21] . All NMR data was processed using Math-ematica. 1D spectra were recorded with a spectral width of 500 Hz, 32k data points and a relaxation delay of 3 seconds between scans. Test samples were made from 150 mM sodium acetate (Sigma Aldrich) in H 2 O, and from Dulbecco Modified Eagle's Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) (Life Technologies, USA). 10 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (Sigma Aldrich) was added as a chemical shift reference.
Results and Discussion

Validation of the FEA Model
The finite element model for planar transmission line resonators was validated by computing the resonance frequencies and quality factors for a range of dierent resonator geometries, and comparing them to experimental values obtained from prototypes built to nominal geometries from printed circuit board. Resonance frequencies and unloaded Q factors were obtained using a vector network analyser as described in the experimental section. Fig. 4 shows the calculated normalised magnetic fieldB x distributions at the centre planes of resonators with outside dimensions of 75 mm ¢ 20 mm, and 1 mm separation. The constriction area is 20 mm 2 in all cases, but the aspect ratio of the constriction is varied from left to right, with the constriction lengths indicated in the figure. The magnetic field amplitude of the first eigenmode, normalised to 1 W of power disspation, at the central plane between the resonator plates is shown in Fig. 4 . As can be seen clearly in the figure, the maxmimum magnetic field amplitude increases at first with the aspect ratio of the constriction, and reaches its highest value in the case of l c a 10 mm. It should be noted that these computations simulated the free resonators, i.e., there were no capacitors at the ends. As a result, the frequency of the first eigenmode monotonously decreases with increasing aspect ratio, due to the increasing inductance of the structure. The simulated eigenfrequencies, compiled in the top panel of Fig. 5 (open triangles) , are in excellent agreement with the experimental results (filled triangles).
A second set of resonators were built, tested, and simulated. In this series, the aim was to use additional capacitors between the ends of the resonator conductors in order to keep the resonance frequency close to a target of 300 MHz. The necessary capacitor values were determined empirically. The same capacitance values were then represented in the finite element models as impedance boundary conditions at the end caps (cf. Fig. 3 ). As shown in Fig. 5 (open and filled circles) , the agreement is reasonably good in all cases, with the simulations systematically overestimating the resonance frequency by a small amount.
Computed and measured Q 0 factors for the tuned resonators are compared in the bottom panel of Fig. 5 . The simulations initially significantly overestimate Q 0 (). However, these computations assumed the end capacitors to be loss-free, and the only sources of dissipation were the finite conductivity of copper and the loss tangent of the dielectric. The predicted Q 0 values reach from 150 for a 20 mm ¢ 1 mm (l c ¢ w c ) constriction up to 310 in the case of 5 mm ¢ 4 mm. This is not consistent with the measured values, which are constant at about 120 within the measurement accuracy (solid circles). However, the agreement is excellent if a complex boundary impedance Z end a (tan i)=(!C end ), including a realistic loss tangent tan a 0.005, is used to represent the end capacitors.
To summarise these results: it has been established that the FEA model provides a quantitative prediction of resonance frequencies and quality factors, taking into account resistive as well as dielectric losses. The absolute accuracy of these predictions is of the order of 5%.
Optimisation
The FEA model was used in order to identify an optimal geometry of the resonator as well as the sample chamber. As is well known, the mass sensitivity of NMR detectors tends to improve as the detector volume is made smaller. Therefore, the sample volume was kept fixed at 2 l. The thickness of the sample chamber, as well as the separation of the two resonator planes were also kept fixed due to fabrication limitations for the microfluidic chips, which were laminated from PMMA sheets and adhesive tapes of given thickness. The free optimisation variables were therefore: the length of the sample chamber l s , the length and width of the resonator constriction l c and w c , and the terminating capacitances at the end points C end .
The optimisation objective was derived from the first and the second moment of theB x distribution: 
where the weighting between eciency (maximum hB x i) and homogeneity was controlled by the dimensionless parameter .
In addition to this objective, the optimisation was constrained to produce a resonance frequency between 310 and 320 MHz. A target slightly above the Larmor frequency of 300 MHz was chosen since it is easy in practice to correct the resonance frequency downward by adding a small parallel capacitance. By contrast, increasing the resonance frequency of a resonator is very dicult. The optimisation was carried out using the constrained optimisation by linear approximation (COBYLA) algorithm [22] . A typical optimisation trajectory is shown in Fig. 6 . As shown in the top panel, the average normalised magnetic field starts to rise after the first few iterations. At the same time, the optimisation adapts the end capacitance value (not shown in the figure) to adjust the resonance frequency within the target band (shown in grey). The normalised magnetic field then gradually increases, converging to a value of about 2.27 mT= p W after variables is shown in the bottom panel of Fig. 6 . The initial geometry (marked as "Start") combines a 6 mm ¢ 2 mm constriction with a 3.66 mm ¢ 1.36 mm sample chamber (cf. Tab. 1). As shown by the solid line in the top panel of Fig. 6 , this leads to too high a resonance frequency of more than 380 MHz. The optimisation algorithm then proceeds to decrease both the length and the width of the resonator, while leaving the sample chamber largely unchanged. The resonance frequency is quickly brought into the target band by a combination of the higher inductance caused by the smaller resonator, and an increase in the end capacitance. After about 15 iterations, the result is essen-tially converged.
Optimised for efficiency
Optimised for efficiency and homogeneity Fig . 7A shows a histogram of the RF magnetic field distribution over the sample volume resulting from the optimised structure. The optimisation has been run initially with a 0, thus optimising purely for eciency. After convergence, was set to 10, in order to obtain a balance between eciency and homogeneity. As is obvious from Fig. 7A , this leads to a lower average field amplitude, but a substantially narrower field distribution. From these histograms, proton nutation diagrams can easily be predicted. The results are shown in Fig. 7B ( a 0) and C ( a 10). These nutation diagrams have been computed assuming a power input of 6.9 W. In the case of a 0, the length of a 2 pulse is about 7 s, compared to 10.5 s for the resonator obtained with a 10. At the same time, the more homogeneous field distribution is reflected in a much slower decay of the nutation signal. The ratio between the 90 and 810 amplitudes A 810 =A 90 amounts to more than 95% in the case of a 10, where it is less than 50% for a 0.
Performance Characterisation
As discussed in the experimental section, a resonator and corresponding microfluidic chip were built using the geometry optimised with a 10. The performance of this system was assessed using a solution of 150 mM sodium acetate in H 2 O, with 10 mM DSS as a chemical shift reference. Fig. 8 shows a representative spectrum obtained in this way. The acetate sgnal at 1.4 ppm was used for the experimental nutation spectrum shown in Fig. 7D . Comparison with the corresponding simulated nutation diagram in Fig. 7C shows that the two are in excellent agreement. It should be noted that there are no adjustable parameters in this comparison; the transmitter power in the experiment has been set to the same value ( 10 dB on the Bruker AVANCE spectrometer, corresponding to 6.89 W) that was used in the simulations. The length of a 360 pulse at 11 s (corresponding to a probe eciency of 34.6 kHz= p W) is marginally longer in the experiment, but the dierence is less than 0.5 s. Also, the A 810 =A 90 ratio amounts to only 85%, compared to the simulated value of 95%. Both discrepancies are probably due to slight misalignment of the microfluidic chip and the probe assembly. Magnetic resonance images (not shown) reveal that the centres of the probe and the sample chamber were misaligned sideways by 20 : : : 50 m due to manufacture tolerances. The acetate spectrum shown in Fig. 8 demonstrates the excellent B 0 homogeneity oered by the optimised probeGchip system. The width of the acetate peak is 1.73 Hz at half height, Figure 9 : Plot comparing sensitivity of previously designed micro-NMR detectors. Letters a-t correspond to dierent authors as cited by Badilita et al. [5] . Data points u [23] and v [10] represent more recent work. The performance of the optimised probe presented here is shown in red, along with a similar, earlier prototype that had not been numerically optimised (blue). and 16.45 Hz and 29.0 Hz at 0.55% and 0.11% height, respectively. The inset in Fig. 8 shows the details of the acetate peak base. The line shape is narrower than a Lorentzian peak with the same half width (orange solid line). A narrow peak base is particularly important for applications in metabolomics, where a large dynamic range is required to reliably quantify dierent metabolites with highly dierent concentrations. Fig. 10 illustrates this with a spectrum obtained in 256 scans from 2 l of a DMEM cell growth medium. Peaks from several dozen metabolites are visible in the spectrum, with some of the most important ones labelled in the figure. Both the spectra in Fig. 8 and Fig. 10 have been recorded using standard pre-saturation water suppression with CW irradiation at 90 Hz amplitude; in the case of the DMEM medium spectrum, a perfect echo sequence [21] was used to reduce signals from compounds with high molecular weight.
Both spectra exhibit a broad feature slightly downfield from the water resonance. This is most likely due to contributions to the signal from areas of the chipGprobe system that are quite far away from the active site, e.g., the access channels and inlets into the microfluidic device. In these regions, the B 0 field is somewhat dierent in magnitude, leading to an apparent downfield shift of the water resonance. As a result, the CW presaturation is not eective in suppressing these signals. Closer investigation of the exact origin of these signals is currently underway, with the goal of finding a probeGchip design that will minimise them.
The mass sensitivity of the optimised probeGchip system can be determined from the signalGnoise ratio (SNR) of the acetate spectrum. The SNR of the acetate peak in the spectrum shown in Fig. 8 is 4200:1 for 16 scans, corresponding to a value of 740 for a single scan. From the SNR, the limit of detection can be computed as [5] nLOD ! a 3n p ¡t
where n is the number of sample spins precessing in the chosen resonance, and ¡t is the total measurement time. Assuming a measurement time of 1.8 s per scan, which corresponds to the T 1 relaxation time of a typical metabolite such as glucose, and taking into account the number of protons that contribute to the acetate signal n a 3 ¡ 150 mM ¡ 2 l a 900 nmol, we obtain a limit of detection at 300 MHz of nLOD ! a 2.72 nmol s
1=2
. It is common practice to report sensitivities for micro-NMR detectors at a standard field strength of 14.1 T (600 MHz) to facilitate comprarison, using a scaling of (!=! 0 ) In the context of metabolomic studies, the mass sensitivity is not the only important consideration. Metabolites occur at concentrations that are limited by physiology; in most cases in the low mM range or less. Since Fig. 9 plots mass sensitivity versus detector size, the concentration limit of detection cLOD ! can be represented by another axis, inclined by a slope of 1 with respect to the nLOD ! axis. We somewhat arbitrarily set the limit of practicality for metabolomic studies at a concentration limit of detection of 5 mM p s, ensuring that species present at 0.1 mM concentration can be detected within less than 20 min of measurement time. The area where this condition is satisfied is shaded green in Fig. 9 . The detector presented here lies well inside this region, whereas many other micro NMR detectors are not suitable for low-concentration studies, even though their mass sensitivity is superior. For example, a solenoid detector with an excellent nLOD of 0.1 nmol s 1=2 has been demonstrated (data point s, [26] ). However, since the sample volume is only 100 pl, the cLOD is 1000 mM s 1=2 , several orders of magnitude greater than that required for NMR at low concentrations.
The spectrum shown in Fig. 10 , obtained from a mixture of DMEM cell growth medium with 10% fetal bovine serum (FBS) demonstrates the feasibility of meaningful metabolomic studies using the optimised probeGchip system.
Conclusions
We have optimised and demonstrated a new design of double micro stripline detector that is compatible with functional microfluidic LoC devices, allowing non-invasive, sensitive observation of a 2 l sample of sub-mM concentration. Its performance compares favourably with micro-NMR systems described by other authors. The optimisation has taken into account both the shape of the sample chamber and the RF resonator. Details of the geometry can make a big dierence to the sensitivity of the probe. Dierent performance criteria, such as sensitivity and RF homogeneity, compete with each other, and a compromise must be chosen that fits the intended applications. While the present work has proved the principle of non-invasive NMR detection inside LoC devices with high sensitivity and resolution, the chip we have used is still rather primitive, and
does not yet implement any active fluidic components such as continuous flow perfusion. Extensions of the current design are being developed in our group to allow active perfusion, controlled gas exchange and growth of cell populations on chip. Also, the probe will be fitted with an active temperature control system, in order to ensure optimum growth conditions during NMR measurements. Finally we are exploring extension of the current detector design in order to allow heteronuclear and multi-nuclear experiments.
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